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  1.     Introduction 

 The ever-fast energy consumption in our day-to-day life has 
led to rapid depletion of fossil fuels. The critical energy crisis 
and environmental pollution associated with the usage of 
non-renewable resources have stimulated an outcry for supply 
of clean energy. [ 1 ]  People are now seeking new opportuni-
ties from the solar and wind energy, which are regarded as 

 Rechargeable lithium-ion batteries (LIBs), as one of the most important 
electrochemical energy-storage devices, currently provide the dominant 
power source for a range of devices, including portable electronic devices and 
electric vehicles, due to their high energy and power densities. The interest 
in exploring new electrode materials for LIBs has been drastically increasing 
due to the surging demands for clean energy. However, the challenging issues 
essential to the development of electrode materials are their low lithium 
capacity, poor rate ability, and low cycling stability, which strongly limit their 
practical applications. Recent remarkable advances in material science and 
nanotechnology enable rational design of heterostructured nanomaterials with 
optimized composition and fi ne nanostructure, providing new opportunities 
for enhancing electrochemical performance. Here, the progress as to how to 
design new types of heterostructured anode materials for enhancing LIBs is 
reviewed, in the terms of capacity, rate ability, and cycling stability: i) carbon-
nanomaterials-supported heterostructured anode materials; ii) conducting-
polymer-coated electrode materials; iii) inorganic transition-metal compounds 
with core@shell structures; and iv) combined strategies to novel heterostruc-
tures. By applying different strategies, nanoscale heterostructured anode 
materials with reduced size, large surfaces area, enhanced electronic conduc-
tivity, structural stability, and fast electron and ion transport, are explored for 
boosting LIBs in terms of high capacity, long cycling lifespan, and high rate 
durability. Finally, the challenges and perspectives of future materials design 
for high-performance LIB anodes are considered. The strategies discussed 
here not only provide promising electrode materials for energy storage, but 
also offer opportunities in being extended for making a variety of novel hetero-
structured nanomaterials for practical renewable energy applications. 
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environmentally friendly and clean energy. 
However, these energies are not stable in 
nature and cannot be directly applied as a 
power supply in the grid, bringing energy 
storage and conversion on request. Elec-
trochemical energy storage (EES) devices 
such as lithium-ion batteries (LIBs) have 
been extensively explored and applied 
in many fi elds. They provide the domi-
nant power source for a range of devices, 
including portable electronic devices 
and electric vehicles, due to their long 
lifespan and high energy and power den-
sities. Novel LIB devices are considered 
to be a promising option in the quest to 
alleviate the problems associated with the 
rapid depletion of fossil fuels and the dete-
rioration of the global eco-environment. [ 2 ]  
Rapid growth of LIBs is a microcosm of 
the rapid development of EES, refl ected 
by the fast electric-vehicle (EV) market 
growth. [ 3 ]  However, the current LIBs as a 
power supply for EVs is not satisfactory 
enough in terms of capacity, cost, and 
lifetime. The US Department of Energy's 
EV Everywhere Grand Challenge [ 4 ]  sets a 
target range of 250–300 miles per charge 
for the next generation of electric-driven 
cars, placing great pressure on the vehi-
cles′ battery packs. Meanwhile, the costs 
need to be cut from $350–550 per kWh to 
$125 per kWh, and battery lifespan needs 
to be extended to 15 years from its current 
8 years to gain meaningful market share. 

 Therefore, the interest in exploring new anode materials 
for LIBs has been drastically increasing due to the surging 
demands for clean energy and great market potential. However, 
the electrochemical performances of these developed anode 
materials may be not as good as anticipated due to their chal-
lenging issues, such as quickly fading capacity, poor conduc-
tivity, large volume expansion, solubility into electrolyte, and 
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large voltage hysteresis between charge and discharge, aggrega-
tion, etc., which strongly hinder their further practical applica-
tions. This has been particularly shown in silicon anode mate-
rials with high theoretical capacity of over ca. 4000 mA h g −1 , 
but their huge volume change of ca. 400% will necessarily 
lead to lattice stress and, consequently, the structure deteriora-
tion during charge and discharge (lithiation/delithiation) pro-
cesses. [ 5 ]  Conversion/alloy transition-metal compounds (A  x  B  y  , 
A = Fe, Co, Ni, Sn, Mn, Mo, etc.; B = O, S, N, etc. [ 6,7 ] ) are 
promising as electrode materials with advantages such as low 
cost, ease of synthesis, and environmental friendliness. Unfor-
tunately, these compounds normally suffer from poor conduc-
tivity and large voltage hysteresis in addition to the remarkable 
volume change upon lithium-ion insertion and extraction, 
making their commercial availability restricted. 

 Over the past decade, tremendous efforts have been paid to 
solving the aforementioned problems, which can be mainly 
categorized into the following two main streams: i) making 
nanostructures with well-controlled size, shape, and structure 
to optimize the utilization of active materials; ii) designing het-
erostructures by coupling carbon and polymer-based additives 
with electrode materials to enhance the structural stability and 
conductivity, and thus improve electrochemical performance. 
Various nanosized anode materials with complexity have been 
thoroughly investigated through in-depth experiments and the-
oretical simulations. The relationship between the composition, 
morphology, surface property, porosity, and thermal stability of 
these nanomaterials and their electrochemical performances 
has been comprehensively revealed, leading to further under-
standing of the intrinsic electrochemical behavior. Strategies 
and progress in fabricating nanostructured anode materials for 
LIBs have been summarized and thoroughly discussed in some 
recent prominent reviews, including the topics of carbon-based 
electrode materials (e.g., three-dimensional graphene-based 
composites, [ 8 ]  porous graphene materials, [ 9 ]  electrospun carbon 
nanofi bers [ 10 ] ), transition-metal-based oxides or sulfi des, [ 11 ]  or 
other general topics on nanomaterials. [ 12–14 ]  However, all these 
mentioned reviews paid limited attention to the emerging and 
urgent engineering and synthesis of heterostructures, especially 
those developed in very recent years. 

 The most recent intriguing research on LIB anode materials 
has been directed toward rational design and fabrication of 
heterostructures for boosting lithium-ion storage. With the con-
cept of “materials design”, the special structural control of het-
erostructures enables superior electrochemical properties, such 
as enhanced conductivity, stability, and improved capacity, over 
their single counterpart. Briefl y, heterostructured anode mate-
rials are integrated by two or multiple components with readily 
controlled shape and morphology. In addition to the advantages 
inherited from the reduced size, their excellent electrochemical 
performance is also attributed to the reinforcement and syner-
getic effect from multiple components. Moreover, each of the 
components can be easily engineered or substituted, which 
therefore offers versatile opportunities to optimize the elec-
trochemical properties. Heterostructured anode materials are 
often associated with signifi cantly enhanced structural stability 
during cycling, even at high current densities, comparing with 
single or simply mixed components, which can be ascribed 
to their “self-protected” nature in terms of confi ned reaction 

space, suppressed dissolution of active materials, and accom-
modated volume variation. 

 Here, we highlight recent advances in the design and explo-
ration of highly promising heterostructured anode materials for 
boosting lithium-ion storage. Before we look into the topic of 
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work on the development of nanosized anode 
materials for LIBs will be fi rstly presented in 
order to clarify what the current trends are 
in the synthesis and utilization of advanced 
electrode materials for LIBs. The disadvan-
tages of these nanostructures for LIB appli-
cation are accordingly discussed. Then, the 
most recent progress in the design and fab-
rication of heterostructured electrode mate-
rials is highlighted, covering the following 
new strategies for advanced heterostructures: 
i) carbon-materials-supported heterostruc-
tured electrode materials, taking advantage 
of the intrinsic high electronic conductivity, 
the high surface area, and the tunable porous 
structure of carbon; ii) conducting-polymer-
coated electrode materials, in which the con-
ducting polymer is featured with light weight, 
large capacitance, good electric conductivity, 
ease of synthesis, and low cost; iii) transition-
metal compounds with core@shell structure, 
making the use of both components and 
offering better electrochemical properties 
over their single counterparts through the 
synergistic effect; iv) combined strategies to 
make novel, more complex heterostructures, 
offering the comprehensive characteristics 
as mentioned above. By employing these dif-
ferent strategies, nanoscale heterostructured 
anode materials with reduced size, large sur-
face area, excellent electrical conductivity, 
structural stability, and fast electron and ion 
transport, have been successfully designed 
and prepared for boosting LIBs in terms 
of high capacity, long cycling lifespan, and 
durability at high rate. We fi nally look into 
the challenging issues and perspectives of 
these selected topics. This review prompts the nanoscale engi-
neering and conceptual design of advanced heterostructures for 
effi cient lithium-ion storage, which will appeal to the scientifi c 
communities who are interested in the general areas of phys-
ical chemistry, electrochemistry, energy science, nanomaterials 
and nanotechnology, and electroanalysis.  

  2.     Electrochemistry of LIBs 

 As a major part of EES, LIBs with high energy and power den-
sities have attracted worldwide interest due to their important 
role as the dominant power sources for portable electronics, 
electric vehicles, hybrid vehicles, and large-scale electrical 
grids. [ 15 ]  LIBs are composed of a negative electrode (anode), a 
separator, an electrolyte, and a positive electrode (cathode) in 
confi guration. [ 13,14 ]  In principle, the energy storage in LIBs 
depends on the reversible electrochemical reactions/charge 
storage in the electrode materials, strongly associated with 
electron and ion transport as shown in  Figure    1  a. During the 
discharge process, electrochemical reactions take place at the 

electrodes, and the generated electrons fl ow through an external 
circuit to drive the external load. During the charge process, an 
external voltage is applied to store electrons at the electrodes by 
reversible electrochemical reactions. The ions diffuse between 
the electrodes through the electrolyte, while the electrons fl ow 
through the external circuit. The high energy density of LIBs 
can be partially realized by using conversion- or alloy-reaction-
based anodes materials with high specifi c capacity. The power 
density of LIBs is another important prerequisite for their ver-
satile applications, and strongly depends on the kinetics of the 
electrodes. Tuning the electrode materials at the nanoscale will 
benefi t the kinetics from the increased active reaction sites and 
interfaces, and lead to a reduced diffusion path for lithium-ion 
intercalation and deintercalation, described as: [ 16 ] 

 /ion
2

ionL Dτ =     ( 1)  

 where  τ  is ionic diffusion time in the host material,  L  ion  is the 
ionic diffusion length, and  D  ion  is the ionic diffusion coeffi -
cient. For a given material,  D  ion  is similar to and  τ  grows quad-
ratically with  L  ion . Nanostructured anode materials can provide 
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 Figure 1.    a) Schematic confi guration and working principles for conversion-/alloy-reaction-
based LIBs (layered MoS 2 /lithium-salt electrolyte/LiCoO 2 ). b) Typical charge/discharge pro-
fi le of conversion-/alloy-reaction-based anode materials (obtained on a half-cell test, in which 
lithium metal is typically applied as counter electrode).
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a large electrode–electrolyte contact area, and the lithium-ion 
diffusion time can be reduced greatly when the ionic diffusion 
length is shortened; this facilitates the complete utilization of 
the active materials at high current density. Nevertheless, nano-
materials for LIBs can be double-edged due to the decreased 
packing density, which leads to low volumetric energy density 
and unfavorable structural stability due to the large and highly 
active surface.  

 Generally, non-aqueous liquid electrolytes are prepared 
by dissolving a lithium salt in a mixture of organic carbonate 
solvents. During the fi rst discharge, the decomposition of the 
electrochemically unstable solvents and salt near the anode sur-
face will take place upon the electron transfer. Side reactions 
promote the formation of inorganic compounds (e.g., LiF, Li 2 O, 
and Li 2 CO 3 ), and organic species (e.g., lithium ethylene dicar-
bonate) and many others including oligomeric and polymeric 
compounds, which deposit on the electrode surface and form 
a multicomponent solid electrolyte interphase (SEI) layer. [ 17,18 ]  
The behavior of fast charging on ionic transfer across the elec-
trode–electrolyte interface has been demonstrated as diffusion-
controlled by both experiment and modeling. [ 19 ]  Similar to 
graphite, if the lithium ions for the charge-transfer reaction 
at the interface of the anode/SEI layer exceed the lithium ions 
that are reacted with or diffused into the nanoparticles, they 
may be deposited at the interface of the anode and the elec-
trolyte during charging, which would consequently lead to the 
dendritic growth of Li. [ 20 ]  The potential safety issues apart, the 
formation of Li deposits may consume the lithium ions needed 
for the electrochemical reaction, and this is responsible for the 
degradation in performance of LIBs. [ 13 ]  Simultaneously, the for-
mation of the SEI layer on the anode–electrolyte interface will 
also consume the electrolyte, leading to irreversible capacity 
loss. However, a stable SEI layer is essentially important for a 
healthy battery cell, due to the following three reasons. Firstly, 
an effective SEI layer helps maintain the chemical and mechan-
ical stability of the electrode; secondly, it further hinders the 
trapping of lithium ions and prevents decomposition of the 
electrolyte at the electrode–electrolyte interface; thirdly it allows 
lithium ions to pass freely and passivates the electrode surface 
to reduce undesired side reactions. [ 17 ]  Conversion-/alloy-reac-
tion-based anode materials generally involve a huge volume 
change during the charge and discharge processes, which will 
necessarily result in a repeated SEI layer formation and there-
fore fast capacity fading. [ 21 ]  These general considerations prin-
cipally provide the guidance for the design and fabrication of 
novel anode materials. 

 The typical charge/discharge profi le of a conventional 
anode material for the fi rst 2 cycles is presented in Figure  1 b. 
The initial discharge and charge capacities can be determined 
based on the weight of the active materials. The corresponding 
Coulombic effi ciency can be also calculated by the ratio of the 
1st charge capacity to the discharge capacity. The irreversible 
capacity loss (difference between discharge and charge capaci-
ties) in the 1st cycle is mainly attributed to the formation of 
the SEI layer. Effi cient anode materials can be refl ected by the 
high Coulombic effi ciency and low irreversible capacity loss. 
For redox-reaction-based anode materials, two typical processes 
including the insertion of lithium ions and a reduction reac-
tion are generally involved in a discharge period. The major 

contribution to the high theoretical capacity is the redox reac-
tion, which involves transfer of multiple electrons. The charge 
process reversibly corresponds to the discharge process with a 
platform at different potentials, refl ecting the voltage hysteresis. 
The performance of LIBs is mainly determined by the electrode 
material, which lies at the heart of the research fi eld. Novel elec-
trode materials play a signifi cant role in the effi cient and effec-
tive use of energy. Hence, the development of EES is largely 
attributed to the development and innovation of new electrode 
materials with tailored structure and high performance. 

 As mentioned above, transition-metal compounds are found 
to be promising as anode materials due to their high theoretical 
capacity based on conversion redox reactions, involving mul-
tiple electron transfer per unit metal atom: 

 A B Li A Li Bb n ae a ba b n( )+ × + ↔ ++ −

    ( R1)    

 The category of transition-metal compounds is very popular 
because of their high theoretical capacity and natural abun-
dance. However, there are also some demerits during the redox 
reaction. For instances, the formation of the lithium ion from 
Li 2 O is a thermodynamically unfavorable process, strongly 
hindering the reversibility. The product, such as Li 2 S, is very 
reactive with the electrolyte, forming the undesired SEI on the 
surface of the electrode material, and thus affecting the cyclic 
stability and rate capability. Meanwhile, the Coulombic effi -
ciency of charge to discharge is not as good as that of graphite. 
Large volume variations during lithiation and delithiation may 
lead to the pulverization and deterioration of the material struc-
ture. Other anode materials, such as silicon, suffer from similar 
demerits with even larger volume expansion and contraction. 
In this regard, considerable efforts have been paid into manip-
ulating the nanostructures of electrode materials to overcome 
the diffi culties associated with their huge volume change, poor 
conductivity, and large polarization, etc.  

  3.     Nanostructured Anode Materials 

 Battery performance, including rate and cycling capacities, is 
heavily dependent on material properties, such as theoretical 
capacity, electronic conductivity, and reversibility. Except for 
the intrinsic properties of electrode materials, the particle sizes 
and morphologies of materials also affect battery performance. 
Reducing the materials size to the nanoscale can provide a 
good opportunity to enhance LIB performance by improving 
the lithium-ion diffusion and the contact area between the 
electrolyte and the electrode. Furthermore, the volume change 
during the charge/discharge processes can be accommodated 
by the created space in the special nanostructure. With the 
rapid advances of materials design strategies and synthetic 
techniques, remarkable progress has been achieved in the prep-
aration of nanostructured anode materials. It has been repeat-
edly demonstrated that superior electrochemical performance 
is delivered over the bulk counterparts because of the unique 
properties associated with decreased size, large surface area, 
and favorable morphology. [ 13,22–25 ]  Our recent work confi rms 
that smaller TiNb 2 O 7  nanoparticles (ca. 10 nm) display better 
lithium-ion-storage properties (higher specifi c capacity, rate 
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(ca. 100 nm). [ 26 ]  Compared with bulk materials, nanomaterials 
with non-regular morphology have proven to deliver better 
performance in LIBs, but their performance including rate 
and cycle durability is still limited by various factors, such as 
volume expansion and cracking of nanoparticles caused by fast 
repeated lithium-ion insertion/extraction. [ 13,24,25 ]  Besides, the 
high packing density of the electrode caused by a non-regular 
morphology can limit kinetic diffusion through the nanopar-
ticle layers. Moreover, the secondary reactions, including elec-
trolyte decomposition and the formation of SEI fi lms at the 
interface between the electrodes and electrolyte, can become 
more serious since the high surface area of the nanoparticles 
allows them to access the electrolytes more easily. [ 27 ]  

 To date, numerous nanostructures have been developed for 
LIBs as summarized partially in  Figure    2  . To start with, one 
dimensional (1D) nanostructures, including nanowires and 
nanorods, can overcome some of the disadvantages of nano-
particles, which has been well demonstrated in the use of 

silicon nanowires. [ 29 ]  They displayed an overall capacity as high 
as 3541 mA h g −1 , which was maintained as constant up to 
10 cycles at the low current density of 0.05 C. Such high per-
formance of silicon nanowires for LIBs can be ascribed to the 
fact that the 1D nanostructure can restrict the structural disin-
tegration between the electrode and the current collector due to 
huge volume changes of 400% for the bulk silicon during the 
cycling tests, and also can provide the directional electronic/
ionic transportation pathways. Moreover, the 1D nanostructure 
can provide excellent mechanical stability over several cycles 
of lithium-ion insertion and extraction. Inspired by these par-
ticular merits of 1D nanostructures, several methods, such as 
the hydrothermal route, [ 39 ]  electrodeposition, [ 40 ]  the thermal 
evaporation process, [ 41 ]  electrospinning, [ 42 ]  and chemical vapor 
deposition (CVD) techniques, [ 43 ]  have been employed to fab-
ricate new 1D nanostructures. Recently, α-Fe 2 O 3  nanorods [ 39 ]  
prepared by the hydrothermal method were found to deliver a 
capacity as high as 1275 mA h g −1  after 30 cycles at 0.1 C, and 
maintain a capacity of 916 mA h g −1  after 100 cycles at 1 C. 
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 Figure 2.    Nanostructured anode materials for LIBs. 1D nanorods [ 28 ]  and nanowires; [ 29 ]  2D nanodisks, [ 30 ]  nanosheets, [ 31 ]  and nanoribbons; [ 32 ]  3D 
nanofl owers, [ 33 ]  and nanocubes; [ 34 ]  hollow sea-urchin-like structure, [ 35 ]  nanoboxes, [ 36 ]  nanococoons, [ 37 ]  and nanocages. [ 38 ]  Adapted with permission: 
nanorods: ref.  [ 28 ] , Copyright 2011, and nanoboxes: ref.  [ 36 ] , Copyright 2011, American Chemical Society; nanowires: ref.  [ 29 ] , Copyright 2008, nano-
disks: ref.  [ 30 ] , Copyright 2012, and sea-urchin structure: ref.  [ 35 ] , Copyright 2015, Nature Publishing Group; nanosheets: ref.  [ 31 ] , Copyright 2015, 
nanoribbons: ref.  [ 32 ] , Copyright 2015, and nanofl owers: ref.  [ 33 ]  Copyright 2012, Royal Chemical Society; nanocubes: ref.  [ 34 ] , Copyright 2015, nano-
cocoons: ref.  [ 37 ] , Copyright 2007, and nanocages: ref.  [ 38 ] , Copyright 2012, John Wiley & Sons, Inc.
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Besides, Fe 3 O 4 , [ 44 ]  Co 3 O 4 , [ 45 ]  and other metal oxides [ 46 ]  with a 
new 1D structure also exhibited the high rate performance and 
high cycle durability, indicating that metal oxide anode mate-
rials with a 1D nanostructure can be good candidates as high-
energy and high-power electrode materials for LIBs. The elec-
trospinning method is another general technique to prepare a 
1D nanostructure. ZnCo 2 O 4  nanotubes [ 47 ]  can be prepared by 
the electrospinning technique followed by thermal-annealing 
treatment of as-spun nanofi bers in air. These special 1D 
nanostructures, comprising both interconnected nanocrystals 
and many nanopores in the tube walls, deliver relatively high 
capacity and cyclability.  

 Recent research has demonstrated that two-dimensional 
(2D) layered nanostructures (nanosheets, nanoplatelets, nano-
disks, nanoribbons, etc.) also show remarkably improved elec-
trochemical performance compared to their bulk counterparts, 
since they provide large surface areas, enhanced open-edge 
morphologies, and fi nite lateral size. [ 48 ]  MoS 2  nanosheets, [ 49 ]  
prepared by a facile hydrothermal method, exhibited high elec-
trochemical performance for LIBs since their special structure 
can be benefi cial for electrode kinetics. [ 50 ]  Besides, metal oxides 
with structure characterized by mesoporous or nanoporous 
disks and nanosheets have also been extensively investigated as 
electrode materials for LIBs. [ 51,52 ]  For instance, disk-like nano-
porous Fe 2 O 3  was demonstrated to have signifi cantly enhanced 
capacity retention due to the highly exposed surface and 
pores. [ 53 ]  Recently, we developed a one-step polymer-assisted 
chemical solution method for the synthesis of 2D V 2 O 5  and 
manganese-doped V 2 O 5  nanosheets. [ 54 ]  The as-prepared V 2 O 5  
nanosheet with carbon coating exhibited a high capacity of 
about 300 (as cathode) and 600 mA h g −1  (as anode) at a current 
density of 100 mA g −1 . This unique network structure provides 
an interconnected transportation pathway for lithium ions, 
resulting in an improved rate and cycling performance. 

 Three-dimensional (3D) structures such as nanofl owers, 
nanocubes, or a sea-urchin-like structure can be easily derived 
from 2D nanosheets, 1D nanowires, or 0D nanoparticles. 
Unique hierarchical V 2 O 5  nanofl owers [ 55 ]  composed of many 
nanoparticles were prepared by a fast electrochemical reaction 
of vanadium foil in an aqueous NaCl solution followed by heat 
treatment. Such hierarchical nanofl owers provide the porous 
channels, facilitating fast lithium-ion diffusion and balancing 
the volume change during cycling process. They delivered high 
reversible specifi c capacities of 275 mA h g −1  (as cathode) with 
100% Coulombic effi ciency. Nanofl owers for high-performance 
LIBs can not only be evolved from 1D nanoribbons, but also 
derived from nanowires and 2D nanosheets. 3D Co 3 O 4  nano-
fl owers and hyperbranched bundles [ 56 ]  composed of large num-
bers of porous nanowires with lengths in the range of micro-
meters were developed for LIBs. SnS nanofl owers [ 33 ]  consisting of 
a hierarchical arrangement of nanosheet subunits surrounding 
a central core were also employed as high-performance anodes 
for LIBs. Self-stacked CoO nanodisks [ 51 ]  with 3D architecture 
deriving from the 2D nanosheets took the advantageous com-
bination of small nanoparticles (0D), ultrathin, mesoporous, 
and large-area 2D nanosheets, and the self-stacked 3D struc-
ture, resulting in high rate and cycle performance. MoS 2  nano-
fl owers [ 57 ]  represent another successful illustration of building 
a 3D structure by assembly of nanosheets. 

 Nanomaterials with a hollow structure are developed for LIBs 
because they not only deliver higher specifi c capacities but also 
provide better retentions and superior high-rate performances 
compared with their solid counterpart. Fe 2 O 3  nanotubes [ 58 ]  
were demonstrated with a capacity of 391 mA h g −1  at a cur-
rent density of 10 A g −1  after 1000 cycles. Recently developed 
Fe 3 O 4 -nanotube anode materials can retain their capacity of over 
1000 mA h g −1  for 50 cycles. [ 23,58 ]  Similar to iron oxides, SnO 2  
with a hollow structure [ 59 ]  has also been extensively investigated 
as the anode for high-performance LIBs. SnO 2  hollow nano-
spheres [ 60 ]  can signifi cantly prolong the cycle life of SnO 2 , com-
pared with pristine nanoparticles. They can deliver a capacity of 
700 mA h g −1  after 30 cycles, while there is no capacity for pris-
tine nanoparticles after several cycles. SnO 2  nanoboxes [ 36 ]  and 
nano cocoons [ 37 ]  were also proved to have enhanced capacity and 
cycle performance. These transition-metal oxides with hollow 
structure have been applied as anode materials for LIBs because 
the unique structure not only balances the volume variation 
during the lithium-ion insertion/extraction process but also 
avoids the severe aggregation of the active materials. [ 61 ]  Even 
more importantly, the large specifi c surface area of the hollow 
structure can provide a high specifi c capacity and high-rate per-
formance due to the favorable reaction kinetics of lithium ions. 

 Admittedly, controlling the morphology of nanomaterials 
can effectively improve the electrochemical reaction effi ciency 
for improved energy and power densities. However, they still 
suffer from poor conductivity, large volume change, and severe 
aggregation during the lithium-ion insertion/desertion process, 
which strongly limits their rate ability and cycling stability. 
The fabrication of heterostructured nanomaterials with special 
structures is therefore of irreplaceable importance because it 
may provide additional advantage for next-generation LIBs. The 
remarkable advances on how to obtain novel heterostructured 
materials and how they affect the electrochemical performances 
are discussed in the following sections.  

  4.     Nanoscale Engineering of Heterostructured 
Anode Materials for Boosting Lithium-Ion Storage 

 Increasing attention has been paid to fabricating heterostruc-
tured electrode materials for advanced LIBs owing to their 
special features, such as high surface area, enhanced struc-
tural stability, short lithium-ion diffusion path length and high 
electron-transportation rate. Moreover, heterostructures may 
provide the unique properties of stable SEI formation, con-
fi ned electrochemical reaction space, synergetic effect, and 
interfacial storage capacity, etc., offering the additional oppor-
tunity for delivering better lithium-ion-storage ability. These 
advantages have driven researchers to explore new methods 
for novel heterostructured anode materials for highly effi cient 
lithium-ion storage, which can be summarized into the follow 
aspects: [ 7,13,62 ]  i) the fabrication of conductive-carbon-supported 
nanostructured anodes with novel morphologies, including 
hollow spheres, [ 63 ]  nanorods, [ 64,65 ]  spindles, [ 66 ]  and nanotubes [ 67 ]  
ii) making conductive-polymer-coated electrode materials for 
greatly improving the conductivity and accommodating the 
volume change and strain; [ 68 ]  iii) synthesis of inorganic core@
shell structures by taking advantage of the synergistic effect 
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iv) the combination of two or more above-mentioned 
approaches. As the fi eld is growing very quickly, the most recent 
developments and advances on the engineering of heterostruc-
tured electrode materials on the nanoscale will be deliberated 
in this review. 

  4.1.     Carbon-Materials-Supported Heterostructured 
Electrode Materials 

 Supporting carbon materials show great potential for electro-
chemical energy conversion and storage applications because 
they exhibit several interesting properties, including high elec-
trical conductivity, excellent stability, large surface area, and 
tunable porous structure, etc. To date, a variety of carbon-based 
materials, such as graphene, carbon nanotubes (CNTs), porous 
carbon, etc., have been widely applied as either supporting or 
conducting agents in electrodes for much improved LIB perfor-
mances in terms of stability and capacity. Graphene or CNTs are 
normally utilized in a direct way to form an integrated electrode, 
for reducing the resistance and stabilizing the formation of the 
SEI. For porous carbon, the tunable porosity (pore connectivity, 
length, and pore-size distribution) can introduce an additional 
factor for enhancing LIBs by facilitating ion diffusion/mass 
transfer. However, all the mentioned carbon materials still lack 
suffi cient lithium-ion capacity due to their intrinsic storage mech-
anism. Therefore, the combination of nanostructured anode 
materials and different forms of carbon materials can provide 
new insights into the enhancement of the LIB performance. [ 70–73 ]  

  4.1.1.     Porous Carbon 

 The most recent research has revealed that loading metal com-
pounds or other elementary substance onto porous carbon is 
an effective and effi cient way to improve the overall perfor-
mance of electrode materials. Sulfur is very promising as one 
of the next-generation high-energy-density batteries because of 
its high theoretical capacity as well as low cost and earth abun-
dance, etc. Nevertheless, its practical use is greatly hindered by 
its intrinsic low conductivity and dissolvability in an electrolyte. 
Therefore, the porous carbon matrix with hierarchical pore 
structure has been intensively applied in lithium–sulfur bat-
teries because the porous carbon can enhance the conductivity, 
prevent the dissolution of intermediate lithium polysulfi de into 
the electrolyte, and accommodate the large volume expansion 
during cycling. 3D interconnected porous carbon aerogels were 
successfully applied as a sulfur immobilizer for sulfur impreg-
nation, [ 74 ]  showing high rate and cycling stability. The multiple 
functions enable the achievement of either high capacity or 
superior stability over the sulfur single component. Another 
typical case is the application of porous carbon in silicon-based 
LIBs. Similar to sulfur, silicon delivers extremely an high theo-
retical capacity of 4000 mA h g −1 , but suffers from poor con-
ductivity and large volume change during the electrochemical 
reaction. Confi ning the redox reaction of silicon in the porous 
carbon matrix hugely accommodates the volume change and 
maintains the original structure. The large surface area also 

ensures effi cient contact between the electrolyte and the active 
material. A high reversible capacity of 1050 mA h g −1  even at a 
high current density of 10 A g −1  was proved through the com-
bination of porous carbon with silicon particles. [ 75 ]  With the 
merits from the porous carbon nanostructure, not only have 
silicon and sulfur batteries with promising electrochemical per-
formances been successfully developed, but also EES devices 
based on phosphorus and transition-metal compounds have 
been achieved, with excellent battery properties. Elementary 
phosphorus has quite a low molecular weight and therefore 
a high theoretical specifi c capacity. However, its insulating 
nature and its electrical inactivity renders its with very poor 
capacity retention. Porous carbon nanofi bers have been used as 
new support for phosphorus for LIBs [ 76 ]  with a high retention 
capacity of 990 mA h g −1  and no structural change after cycling. 

 Porous carbon can be intentionally engineered through 
the concept of “materials design” to achieve desirable hetero-
structures. Chemically synthesized mesoporous carbon with 
various morphologies and nanostructures has been applied 
as an effi cient conductive agent, resulting in much improved 
electrochemical performance. For instance, a new 2D MoS 2 /
mesoporous carbon (MoS 2 /m-C) hybrid nanoarchitecture with 
an ideal MoS 2 /m-C atomic interface, [ 77 ]  in which single-layer 
MoS 2  and m-C are sandwiched in an alternating sequence 
( Figure    3  ) was designed for enhancing LIBs. The sandwich-like 
structure was achieved by carbonization of the polymer mole-
cules inserted into the MoS 2  layers. (Figure  3 a,b). The different 
inserted species introduced a large layer spacing compared 
with bare MoS 2  nanosheets (Figure  3 c–e). A superstructure of 
the as-prepared MoS 2 /m-C hybrid nanosheets with alternating 
single layers can provide much larger atomic-interface contact/
interaction between single-layer MoS 2  and single-layer carbon 
nanosheets than the traditional MoS 2 /C nanocomposite with 
limited interface contact (Figure  3 f). Such an architecture of 
layered MoS 2 /m-C hybrids with alternating sequence offers 
advanced properties: i) improving the electrical conductivity 
of MoS 2 , especially in the  c -direction, ii) reducing aggregation 
and restacking of MoS 2  nanosheets, iii) accommodating volume 
expansion upon lithiation, iv) mitigating polysulfi de shutting, 
and v) in particular, providing the largest interface contact for 
lithium-ion storage with an obvious synergetic effect between 
the single-layer carbon and the MoS 2  nanosheets. These ben-
efi ts are readily attributed to the heterostructure. As a result, 
the as-synthesized MoS 2 /m-C nanosheet superstructure exhib-
ited a maximum reversible specifi c capacity of 1183 mA h g −1  
at 200 mA g −1  with excellent rate capability (943 mA h g −1  at 
6400 mA g −1 ) and long cycle life (over 500 cycles). This concept 
was extended to make highly crystalline MoS 2  nanosheets with 
only a few layers (≤5 layers) anchored on 3D porous networks 
of carbon nanosheets. [ 78 ]  The robust heterostructure offers the 
maximized surface-to-surface contact between the MoS 2  and 
carbon sheets, avoiding the aggregation of MoS 2  and improving 
the structural stability. Simultaneously, such a network ensures 
fast transport of both electrons and ions, leading to excel-
lent electrochemical performances (676 mA h g −1  even after 
520 deep cycles at 2 A g −1 ). Similarly, ultrathin MoS 2  nanosheets 
supported on chemically synthesized N-doped carbon nano-
boxes [ 79 ]  was reported with excellent lithium-storage capability. 
All the interesting heterostructures take advantage of the 
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improved conductivity through tight contact between the carbon 
and MoS 2  nanosheets and the strong interface synergistic effect, 
fi nally resulting in excellent LIB performance.  

 The porous structure with well-controlled porosity can be 
readily derived from blocking polymers such as poly(ethylene 
oxide)–poly(propylene oxide)–poly(ethylene oxide) (PEO–PPO–
PEO), etc. The fl exible nature of the polymer makes it possible 
to determine and modify the shape and morphology based on 
the active component. In our previous work, we reported a 
general polymer-assisted solution approach to grow transition-
metal-oxide nanostructures with a porous carbon coating as 
anodes for LIBs. [ 80 ]  The thin carbon layer was formed on the 
surface of the as-obtained nanoparticles after the carboniza-
tion of the polymer for enhancing the LIBs. However, for the 
intrinsic large volume change of certain materials during the 
electrochemical reaction, the carbon coating layer is subject to 
cracking when it undergoes the cycling processes. Through fab-
rication and design of state-of-the-art materials architectures, a 
novel structure of MnO nanoparticles confi ned in CNTs, with 
a peapod-like structure, was recently fabricated through self-
polymerization of dopamine on the surface of MnO precursor 

nanowires ( Figure    4  ). [ 81 ]  The nanowires broke into short 
nanorods or nanoparticles during the high-temperature carbon-
ization, creating 20.6% void space inside the CNTs (Figure  4 a–c). 
Compared with MnO NWs (149 mA h g −1 ) and MnO@C 
core@shell NWs (547 mA h g −1 ), the engineered heterostruc-
ture exhibited a much higher specifi c capacity of 1119 mA h g −1  
at 500 mA g −1 . The void space of the nanopeapods could accom-
modate the volume change, and therefore provide superior 
structural integrity over the fully fi lled materials (Figure  4 d,e). 
No obvious morphology change was observed on the nanopea pod 
structure after 1000 cycles at a high rate of 2000 mA g −1 , 
indicating that transition-metal-oxides–CNT heterostructures 
are of great potential in stable energy storage. Another suc-
cessful electrode design was recently reported, to make single 
silicon nanoparticles encapsulated into a conductive carbon 
shell, [ 82 ]  leaving the void space for expansion and contraction 
during the electrochemical reaction.  

 The above important studies indicate that the integration of 
the confi guration and arrangement of the active material with 
porous carbon can provide a general principle for the fabrication 
of heterostructured anode materials for advanced LIBs. The 
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 Figure 3.    Synthesis process and morphology characterization of the MoS 2  /m-C nanosheet superstructure. a) Schematic illustration of the synthesis 
process. b) The amidation reaction of oleic acid (OA) and polydopamine (PDA). c–e) SEM images of the fresh MoS 2  nanosheets (c), the MoS 2 /m-C 
nanosheet superstructure (d), and the annealed MoS 2  nanosheets (e). f) Schematic illustration of lithium-ion storage at the MoS 2 /carbon atomic 
interface. The concept of the rational design of the MoS 2 /m-C nanosheet superstructure for creating the ideal MoS 2 /C atomic interface to enhance 
lithium-ion storage. Adapted with permission. [ 77 ]  Copyright 2015, John Wiley & Sons, Inc.
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common features of such material design are that: i) an ensemble 
of nanoparticles is encapsulated by a carbon layer to act as an 
electrolyte barrier; ii) the SEI fi lm remains stable and spatially 
confi ned; iii) the volume change during the lithiation and delithi-
ation process is restricted in the “carbon reactor”. Overall, from 
the viewpoint of synthetic methods, there will still be plenty of 
room for designing other complex porous-carbon-based hetero-
structures considering the ease of synthesis and high reproduc-
ibility of the polymer-precursor-assisted carbonization process.  

  4.1.2.     Carbon Nanotubes 

 Carbon nanotubes, discovered by Iijima in 1991, [ 83 ]  are of 
great interest in energy-storage applications due to their out-
standing fl exibility, high theoretical tensile strength and good 
conductivity. They bring free-standing electrodes into vision 
with promising applications for wearable devices. CNTs can be 
engineered into a 3D network on a large scale through simple 
synthetic strategies. [ 84,85 ]  Highly robust, fl exible, binder-free 
lithium-ion electrodes were fabricated based on interpenetra-
tive nanocomposites of ultralong CNTs and other active com-
ponents such as Nb 2 O 5 , V 2 O 5 , and TiO 2 . [ 86,87 ]  Such a robust 
composite network architecture can be used for high-perfor-
mance fl exible electrodes with high capacity, high rate capa-
bility, and excellent cycling stability. Nevertheless, the intrinsic 
structure of CNTs is perfect and well-sealed, hindering their 
electrochemical activity for energy storage and conversion. 
Generally, CNTs are applied in the electrodes after certain 
chemical modifi cations to introduce activation/defect sites. 
Our recent work has confi rmed that the TiO 2  layer can be con-
formally coated on CNTs [ 88 ]  and further transferred to TiON 
nanoparticles anchored on the CNTs. The robust structure 
delivered much higher electrochemical performance than the 
bare TiO 2  (TiON) counterpart. Loading active materials (metals, 
transition-metal compounds, alloys, silicon, etc. [ 65,85,89,90 ] ) with 

high theoretical capacity onto CNTs is the most effective way 
to improve the electrochemical properties. By applying CNTs 
as a template or substrate, a variety of heterostructures can be 
achieved, with much enhanced capacity and durability. [ 24,72,91 ]  
These have been well demonstrated in the preparation of cylin-
drical MoS 2  directly grown on CNTs for LIBs without the use 
of any other additives via a microwave-assisted route. [ 92 ]  A low-
cost solution synthesis of one-dimensional hierarchical NiO 
nanosheets covering bamboo-like amorphous CNTs compos-
ites [ 93 ]  ( Figure    5  ) for boosting LIBs was also reported by using 
sulfonated polymeric nanotubes (PNTs) as both the template 
and carbon source by a low-temperature thermal carboniza-
tion. Ni nanosheets were fi rstly loaded onto the PNTs and then 
further converted to NiO@CNTs composites, exhibiting a high 
discharge capacity of 1034 mA h g −1  at a current density of 
800 mA g −1 , and high stability after 300 cycles.  

 With advanced methodologies, CNTs can either serve as 
a substrate for the growth of an electrode material, or be 
fi lled with various inorganic nanomaterials. These synthetic 
strategies make it possible to form a unique heterostructure 
with confi ned materials in the hollow space. Such a hetero-
structure can greatly reduce the dissolution of active mate-
rials into the electrolyte, while the void space inside the tube 
can still accommodate the volume change. A novel material 
with silicon nanoparticles mechanically confi ned in CNTs [ 94 ]  
was reported ( Figure    6  ), showing that the volume expansion 
(ca. 180%) of the lithiated silicon nanoparticles was strongly 
restricted by the wall of the CNTs. This robust structure 
greatly reduced the dissolution of silicon into the electrolyte, 
leading to a very high reversible capacity of 1671 mA h g −1 . 
Another typical example of a peapod-like heterostructure was 
reported by Schüth and co-workers, [ 95 ]  wherein cobalt oxides 
(Co 3 O 4 ) were confi ned exclusively in the intratubular pores of 
a CNT array. The particle size of the Co 3 O 4  could be tuned in 
the range of 3–7 nm by varying the thickness of the carbon 
layer. The unique structure of this material signifi cantly 
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 Figure 4.    a) Schematic illustration on the preparation of the heterostructured MnO@C nanopeapods and MnO@C core@shell NWs. b–e) SEM image 
(b), TEM image (c), and schematic illustration of the structural stability of fully fi lled and partially fi lled MnO@C heterostructures (d,e). Adapted with 
permission. [ 81 ]  Copyright 2015, American Chemical Society.
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promotes the accessibility of the Co 3 O 4  nanoparticles through 
mesopores, and facilitates fast lithium-ion diffusion transport 
by the network of CNTs. The Co 3 O 4 @CNT materials exhib-
ited a high specifi c capacity of up to 781 mA h g −1  at a current 
density of 100 mA g −1  and excellent cycling performance. Dif-
ferent active materials, such as Sn, [ 96 ]  Fe 2 O 3 , [ 97 ]  and MnO 2 , [ 98 ]  
etc., confi ned within CNTs, have been synthesized, demon-
strating the robustness and high effi ciency of such hetero-
structures for boosting LIBs.  

 Making CNTs into an interconnected 3D network or 
growing active materials on CNTs or confi ning them in 
the hollow space of CNTs are examples of state-of-the-art 
nanoscale engineering of heterostructures. A comparison 
between architectures of Fe 2 O 3  nanoparticles confi ned in 
CNTs and Fe 2 O 3  nanoparticles anchored on CNTs was car-
ried out to explore better lithium-ion-storage materials. [ 99 ]  
The result revealed that the Fe 2 O 3  nanoparticles confi ned 
in CNTs delivered a higher structural stability and inte-
grity during the fi rst charge and discharge cycle ( Figure    7  ). 
Remarkable volume expansion and pulverization can be seen 
both cases, while the confi ned architecture provides signifi -
cantly reduced deterioration in the structure. In principle, 
directly loading the active materials onto the surface of CNTs 
may not be effective due to uncontrolled conversion reaction 
space. Moreover, exposed nanoparticles on the surface of 
CNTs are subject to dissolution into the electrolyte, which is 
responsible for capacity degradation. The formation of an SEI 
layer on the exposed nanoparticles will be similar to the bare 
nanostructures with an unstable nature. Therefore, making 
the maximum use of the active material and achieving safe, 
stable, and high-capacity electrodes have always been radical 
challenging issues, and CNT-based heterostructures deserve 
constant attention in the community.   
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 Figure 5.    a) SEM image of the sulfonated PNTs template. b,c) SEM (b) and TEM (c) images of Ni-precursor@PNTs composites. d–f) SEM (d) and 
TEM (e,f) images of the NiO@CNTs composites. Adapted with permission. [ 92 ]  Copyright 2015, Elsevier.

 Figure 6.    Microstructure of CNTs fi lled with silicon nanoparticles. 
a,b) SEM images, and c,d) low-magnifi cation (c) and high-magnifi cation 
(d) TEM images, clearly showing that the silicon nanoparticles are 100% 
fi lled inside the CNTs. The inset in (c) shows the selected-area electron 
diffraction (SAED) pattern; e) Illustration of the lithiation/delithiation of 
the CNTs fi lled with silicon nanoparticles. Adapted with permission. [ 94 ]  
Copyright 2015, American Chemical Society.
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 Graphene is a one-atom-thick sheet of sp 2 -bonded carbon 
atoms in a honeycomb crystal lattice with extraordinary elec-
tronic and mechanical properties. Since the fi rst experimental 
investigation and exfoliation in 2004 by Geim, Novoselov, and 
co-workers [ 100 ]  graphene has led to a decade of “graphene fever” 
in the fi eld of materials science. [ 9,70,73,101,102 ]  Graphene lies at 
the center of carbon-based materials for energy-storage applica-
tions. Novoselov et al. provided a general roadmap for graphene 
to elucidate its development. [ 103 ]  Very recently, interesting 
topics like an emerging material system of graphene-based 
macroscopic assemblies and architectures, and the design and 
construction of 3D graphene-based composites for LIB applica-
tions have been introduced by different groups. [ 8,73,102,104 ]  Gra-
phene or graphene oxide can be also engineered into a sponge 
for energy-storage and environmental applications [ 70 ]  owing 
to its high electrical conductivity, high specifi c surface area of 
2600 m 2  g −1 , and larger number of active sites for lithium-ion 
storage and short lithium-ion diffusion pathway. [ 105 ]  

 Taking the above-mentioned advantages of graphene, we 
demonstrated the deposition of nanostructured MoO 2  or 
Fe 2 O 3  on reduced graphene oxide to achieve excellent lith-
ium-ion storage. [ 106 ]  These are regarded as the most effi cient 
ways to obtain graphene-based heterostructures. This type of 

heterostructure offers feasibility and good electrochemical per-
formance over the single counterpart through the combination 
or reinforcement of each other. However, such materials will 
also suffer from some obvious drawbacks: i) the added active 
materials are partially exposed to the electrolyte, rendering their 
dissolution into the electrolyte during cycling; ii) the formation 
of an SEI on the surface of the nanoparticles with an unstable 
feature, leading to capacity fading; iii) the stacked electrode 
materials are not able to accommodate a large volume change 
and release the strain. To date, the development of more-effi -
cient graphene-based anodes is still a big challenge. Recently, in 
order to solve the above problem, the 3D architecture of silicon 
nanoparticles encapsulated within a graphene shell, anchored 
on vertically aligned graphene trees [ 107 ]  was developed as an 
advanced anode material for boosting LIBs ( Figure    8  ). In this 
case, graphene played different roles in enhancing the overall 
electrochemical performance. The graphene nanosheets served 
as adaptable sealed wraps to synergistically accommodate the 
volume change of the wrapped silicon nanoparticles. Further-
more, the “graphene trees” directly grown on the current col-
lector act as supports for graphene-wrapped silicon nanopar-
ticles, ensuring their dispersion uniformity and supplying 3D 
short diffusion distances for both lithium-ion and electrons. A 
similar heterostructure of novel 3D porous graphene networks 
anchored with small and uniform Sn nanoparticles (5–30 nm) 
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 Figure 7.    a–c) TEM images of the original prelithiated Fe 2 O 3  nanoparticles confi ned in a CNT (a), and their structural change after the 1st charge 
(b) and the 1st discharge (c). d–f) Original Fe 2 O 3  nanoparticles anchored on a CNT (d), and the corresponding structural change after the 1st charge 
(e) and the 1st discharge (f). Adapted with permission. [ 99 ]  Copyright 2015, John Wiley & Sons, Inc.
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encapsulated with graphene shells (ca. 1 nm) were also success-
fully fabricated by a facile and scalable one-step in situ CVD 
method. [ 108 ]    

  4.1.4.     Carbon Coatings 

 With expectations of increasing the electrical conductivity and 
accommodating the volume change, carbon coatings or fi lms 
have been rationally synthesized on various nanostructures to 
improve the lithium-storage performance of metal oxides or 
metal sulfi des. [ 109–115 ]  Moreover, a thin carbon layer can prevent 

the aggregation of metallic products during repeated electro-
chemical-conversion processes by acting as a barrier. To date, 
many synthetic strategies, such as CVD, [ 112 ]  pyrolysis of carbon 
materials, [ 115 ]  derivation of organic molecules, [ 75,116 ]  polymer 
assisted deposition, [ 54,117 ]  etc. have been applied for the prepara-
tion of thin carbon fi lms on anode materials. Nanostructured 
α-Fe 2 O 3  coated with a carbon layer with a thickness of around 
3 nm ( Figure    9  a) was prepared via a simple pyrolysis of ferro-
cene. [ 111 ]  A high reversible discharge capacity of 1138 mA h g −1  
can be maintained even after 300 cycles at 500 mA g −1 . The het-
erostructured materials are able to deliver 458 mA h g −1  even 
when they are exposed to a high current density of 10 000 mA g −1 . 
Corresponding composition and structural studies revealed 
that the carbon layer grew with cycling, which was the main 
contributor to the high and ultra-stable LIB performance. Gao 
and co-workers also reported Fe 3 O 4  nanoparticles with a carbon 
coating (Figure  9 b) by CVD in C 2 H 2  and Ar gas. [ 112 ]  The thick-
ness and content of the carbon layer can be readily controlled by 
tuning the deposition time (e.g., 2–3 nm for 10 min; 15–20 nm 
for 20 min). The most stable LIB performance was achieved 
for Fe 3 O 4  with a carbon-coating thickness of 15–20 nm, which 
may be ascribed to the synergetic roles of increased conduc-
tivity, accommodated volume expansion, and buffered particle 
aggregation. Porous Fe 3 O 4  microspheres (Figure  9 c), [ 113 ]  Fe 2 O 3  
rods (Figure  9 d), [ 114 ]  and MoO 2  nanoparticles (Figure  9 e), [ 115 ]  
etc. with a carbon coating were successfully fabricated for LIBs 
with signifi cantly enhanced electrochemical properties, in 
comparison to their single counterparts. However, the nature 
of a fi rmly combined interface between the carbon layer and 
the metal oxides or sulfi des would consequently bring the risk 
of being cracked during the conversion reactions due to large 
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 Figure 8.    A graphic model of silicon nanoparticles encapsulated within a 
graphene shell anchored on 3D graphene trees. Reproduced with permis-
sion. [ 107 ]  Copyright 2015, Elsevier.

 Figure 9.    a–e) Carbon coatings on various transition metal oxides: Fe 2 O 3  nanoparticles (a), Fe 3 O 4  porous microspheres (b), Fe 2 O 3  nanoarray (c), Fe 2 O 3  
rods (d), and MoO 2  nanoparticles (e), as anode materials for LIBs. Adapted with permission: Fe 2 O 3  nanoparticles: ref.  [ 111 ] , Copyright 2015 and Fe 2 O 3  
microspheres: ref.  [ 113 ] , Copyright 2015, Royal Chemical Society; Fe 3 O 4  nanoparticles: ref.  [ 112 ] , Copyright 2015, Fe 2 O 3  nanorods: ref.  [ 114 ] , and MoO 2  
nanoparticles: ref.  [ 115 ] , Copyright 2015, Elsevier.
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lithium electrode with a carbon shell. [ 118 ]  Another weakness of 
the transition-metal oxide–carbon core@shell system for LIBs 
is that the SEI layer is subject to continuous growth to cover 
the newly formed surface, due to pulverization of cores and the 
cracking of the old SEI layer, with the result of further imped-
ance increase and capacity degradation.  

 Overall, carbon-supported heterostructures with robust 
structural integrity have been demonstrated, even subject to 
long cycling and high charge and discharge current densities. 
The performance enhancement of LIBs, using carbon-based 
heterostructures, was recently found to be caused by the change 
of SEI formation behavior, in which: i) it forms on the surface 
of the carbon instead of that of the encapsulated nanoparti-
cles; ii) without repeated cracking and formation processes, the 
thickness of the SEI layer is reduced and more uniform. Kim 
and co-workers investigated the SEI-layer formation behavior 
of SnCo nanoparticles encapsulated into carbon nanofi bers 
during cycling. [ 119 ]  An effective and homogeneous SEI layer 
with a thickness of 86 nm was obtained after 100 cycles (97.9% 
capacity retention). On the contrary, a much thicker and con-
tinuously growing SEI layer (593 nm) was found for SnCo 
nanoparticles decorated on carbon nanofi bers (71.9% capacity 
retention). This phenomenon has been further confi rmed by 
studying the LIB of silicon particles encapsulated into graphene 
cages, [ 120 ]  showing that a stable SEI layer was formed on the 
graphene cage instead of the silicon, which could minimize the 
irreversible consumption of lithium ions and increase the Cou-
lombic effi ciency in the early cycles.   

  4.2.     Conducting-Polymer-Coated Electrode Materials 

 Conducting polymers are featured with good conductivity 
through a conjugated bond system along the polymer back-
bone. [ 121 ]  In general principle, conducting polymers are formed 
either through chemical oxidation or electrochemical oxidation 
of the monomer. [ 122 ]  Conducting polymers have continuously 
attracted research interest and attention since their discovery 
in 1976. [ 123 ]  Due to their light weight, large capacitance, good 
electrical conductivity, ease of synthesis, and low cost, con-
ducting polymers have become increasingly important as elec-
trode materials over the recent few years. [ 121,122,124–126 ]  However, 
fl exible conducting polymers may be a double-edged sword 
when used independently as electrode materials because of 
the resulting poor stability during the charge/discharge pro-
cess. Inspired by nature, the use of a conductive polymer as 
a skin or coating on a nanostructured anode material to form 
a frog-egg-like heterostructure for energy storage would pro-
vide it with combined advantages. The most commonly used 
conducting polymers include polyaniline (PANI), polypyrrole 
(PPy), poly(3,4-ethylenedioxythiophene) (PEDOT), and their 
derivatives. [ 122,125–129 ]  

 Researchers in the energy-storage fi eld have constantly 
drawn inspiration from nature and continuously brought con-
ceptual creative materials design and engineering into vision. 
Synthetic self-healing polymers, able to repair themselves 
and recover their functionalities despite being subjected to 
mechanical damage, have been proposed by Bao’s group to 

stabilize silicon-microparticle anodes in LIBs. [ 130 ]  A similar 
dilemma of mechanical cracks and fractures associated with the 
huge volume and structural change by the lithium insertion/
extraction over the cycling process has been experimentally 
determined on various anode materials, making self-healing 
particularly desirable for energy storage. Conducting polymers 
with excellent stretchability and spontaneous self-healing capa-
bility may be a promising solution to alleviate the fast decay 
of electrode materials by reducing structural degradation and 
damage. By applying a conducting polymer in the preparation 
of electrode materials, no non-electroactive component, such 
as a binder and conductive carbon, is required for LIBs, which 
can greatly improve the active-material loadings, as well as the 
overall energy density. This is a so-called “all-in-one” highly inte-
grated electrode. Kim and co-workers coated a very thin surface 
layer (contributing to less than 0.4 wt% of the total mass) on an 
electroactive material, LiCoO 2  (LCO) powder, by simply mixing 
LCO with an aqueous solution of poly(3,4-ethylenedioxythio-
phene) polystyrene sulfonate (PEDOT:PSS) ( Figure    10  ). [ 131 ]  The 
PEDOT skin layer, with a thickness of around 25 nm, on LCO 
works in a multifunctional way to provide electronic/ionic path-
ways and also bind LCO particles. The “all-in-one” electrode, 
with the highly conductive PEDOT:PSS coating, was shown to 
deliver higher volumetric capacities than its three-component 
(active material, conductive carbon, binder) counterpart. It is 
also noteworthy that it hinders the diffusion of LCO into the 
electrolyte, maintaining the integrity of the electrodes. Similar 
V 2 O 5 -nanoarray freestanding electrodes with a mesoporous 
thin layer of the conducting polymer (PEDOT) can be also 
obtained to compensate the common drawbacks of V 2 O 5  by the 
two functions of polymer: good charge conductive path for the 
V 2 O 5  nanoarray, as well as soft “armor” to protect the V 2 O 5  core 
from pulverization. [ 125 ]  The nanoscale engineering of electrode 
materials shares many similarities, and shows no fundamental 
differences between the cathodes and anodes. Based on such 
a concept, various conducting-polymer-based heterostructures, 
such as porous tremella-like MoS 2 @PANI, [ 132 ]  3D a-Fe 2 O 3 @
PPy, [ 126 ]  vertically aligned MnO 2 @PEDOT, [ 133 ]  etc., have been 
developed as promising electrode materials for energy storage. 
However, the challenging issues associated with the application 
of a conducting polymer for LIBs can be the compromised sta-
bility of the SEI layer due to the soft nature of the conductive 
polymer, the conductive polymer being subject to dissolving 
into the electrolyte, a blocked ion-transport path caused by 
lithium ions trapped in the polymer, and other undesired side 
reactions introduced by the polymer.   

  4.3.     Transition-Metal Compounds with Core@Shell Structure 

 Freestanding core/shell transition-metal compounds have 
sparked great interest for energy-storage applications due to 
their large surface areas, greater number of active surface sites, 
good ionic/electrical conductivity, and better permeability. Tre-
mendous efforts have demonstrated that core–shell hetero-
structured electrode materials (Fe 2 O 3 @SnO 2 , SnO 2 @Mn 2 O 3 , 
Co 3 O 4 @Fe 2 O 3 , MnO@Mn 3 N 2 , SnO 2 @WO 3 , SnO 2 @MoO 3 , 
CuO@TiO 2 , etc. [ 90,134–137 ] ) could make use of the advantages of 
both components and offer better electrochemical properties 
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over their single counterparts through a reinforcement or mod-
ifi cation of each other. [ 138 ]  Their high electrochemical activity 
is highly attributed to the complex chemical compositions and 
their synergetic effects, contributing to the exceptionally high 
specifi c capacity, which are typically several times higher than 
those of commercial graphite-/carbon-based electrode mate-
rials. Signifi cantly, the interface/chemical distributions are 
homogeneous at the nanoscale; thus, a fast ion and electron 
transfer is guaranteed. [ 139 ]  Moreover, they can provide a high 
surface area to increase the interfacial kinetics and porous tex-
ture to accommodate stress relaxation and a direct pathway for 
electron transport. [ 135,138,140 ]  Fan and co-workers successfully 
prepared six-fold-symmetry branched α-Fe 2 O 3 @SnO 2  hetero-
structures ( Figure    11  ) having Fe 2 O 3  nanorods with a well-con-
trolled length by the combination of CVD and a hydrothermal 
route. [ 136 ]  Compared with the single component, the α-Fe 2 O 3 @
SnO 2  heterostructure delivered enhanced performance as an 
anode in LIBs in terms of the low initial irreversible loss and 
the high reversible capacity due to the synergetic effect between 
the SnO 2  and the α-Fe 2 O 3 . The unique feature of the branched 
nanostructures also provides an increased specifi c surface 
area, ensuring the contact of the active material with the elec-
trolyte. A similar α-MoO 3 @MnO 2  core@shell heterostructure 
( Figure    12  ) was also fabricated by a facile two-step hydro-
thermal method with high discharge capacity (1475 mA h g −1  
at 0.1 C), high rate capability (394 mA h g −1  at 6 C), and excel-
lent cycling stability. [ 137 ]  The well-defi ned core@shell struc-
ture of the nanorods was unambiguously recognized by TEM 
characterization and selected-area electron diffraction (SAED). 
Lithium ions and electrons were separately stored at the inter-
facial region, and lithium ions collected at the phase bounda-
ries. Greater interfacial space between the MnO 2  nanowires 
and the α-MoO 3  nanorods could probably accommodate extra 

lithium ions. [ 141 ]  Another interesting result is that ultrathin 
NiO nanosheets were grown uniformly on the porous ZnCo 2 O 4  
nanowires (ZCO@NiO) with many interparticle mesopores, [ 139 ]  
resulting in the formation of a 3D core@shell-nanowire-array 
heterostructure. The ZCO@NiO core@shell nanostructure 
exhibited signifi cantly improved lithium-ion storage proper-
ties in terms of higher capacity, enhanced rate capability, and 
improved cycling stability compared with pristine ZnCo 2 O 4  
nanowire arrays. The superior lithium-storage performance 
of the ZCO@NiO nanowires can be attributed to their unique 
heterostructure. The merits of the synergetic effect from the 
two components, the enhanced electronic conductivity, and the 
interfacial lithium-storage potential from the heterostructured 
architecture, once again confi rm the signifi cance of the design 
and fabrication of novel heterostructured electrode materials 
for energy storage. However, their long-term stability for LIBs 
is still limited due to the possible large mismatch in volumetric 
expansion coeffi cient between the core and the shell during 
electrochemical cycling.    

  4.4.     Combined Strategies to Novel Heterostructures 

 The combination of two or more strategies would necessarily 
adopt multiple favorable characteristics and push the output 
energy-storage capability to a high end. The insatiable appetite 
in conceptually novel heterostructures and the development of 
advanced synthetic strategies continuously drives the fi eld for-
ward. Increasing efforts have been devoted to the design and 
fabrication of combined conductive carbon or polymer with 
transition-metal compound heterostructures. [ 110,125,127,128,142 ]  
Graphene and CNTs can be engineered into a carbon scaf-
fold or matrix for loading various anode materials. One typical 
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 Figure 10.    Structural and physicochemical identifi cation of PEDOT:PSS skin layer on LiCoO 2  (LCO). a) Functions of PEDOT:PSS skin layer as an elec-
trically, as well as an ionically conductive binder. b,c) TEM and SEM images of LCO@PEDOT:PSS. The inset in (c) shows SEM image of bare LCO. 
Reproduced with permission. [ 131 ]  Copyright 2014, American Chemical Society.
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example is that Fe 2 O 3 @SnO 2  nanoparticles decorated on gra-
phene, with good fl exibility, delivered an excellent high capacity 
of over 1000 mA h g −1  after 200 cycles, [ 143 ]  ascribed to the syner-
gistic effect of the Fe 2 O 3  and the SnO 2 , as well as the good elec-
tronic conductivity and rapid electrolyte diffusion path provided 
by the 3D interconnected porous graphene networks. Polymer-
coated active materials, including transition-metal compounds 
with a complex architecture, can be combined with graphene 
sheets or CNTs, etc. A heterostructured composite of MnO 2 /
conjugated polymer/graphene displayed signifi cantly enhanced 
battery performance because each component plays a favorable 
role in boosting LIBs. [ 127 ]  

 Flexible carbon-network-based electrode materials have been 
very attractive in recent years for EES applications because they 
offer unique fl exibility for wearable devices. Various transition-
metal compounds, e.g., titanium, nickel, cobalt, manganese 
or zinc oxides, hydroxides, or sulfi des have been grown on 
carbon media, such as carbon cloth or carbon fi ber. [ 87,144,145 ]  
Combining a transition-metal compound heterostructure and a 
fl exible carbon network can offer interesting features for elec-
trodes. 3D SnO 2 @TiO 2  double-shell nanotubes on carbon cloth 
were recently fabricated as a fl exible and binder-free anode 
with a long cycling life, [ 146 ]  in which the SnO 2  pipe wall, with 
a thickness of 5 nm, can alleviate pulverization, and the TiO 2  
layer plays a protective role. More recently, a novel synergistic 
TiO 2 @MoO 3  core@shell-nanowire-array anode [ 147 ]  was made 
by a facile hydrothermal method, followed by a subsequent con-
trollable electrodeposition process. The TiO 2  arrays served as a 

stable scaffold and the MoO 3  provided large capacity ( Figure    13  ). 
The loading mass of the MoO 3  can be well controlled by the 
electrode position, while the electrochemically stable TiO 2 -
nanowire core compensates the cycling instability of the MoO 3  
shell. With an optimized mass ratio of TiO 2  to MoO 3  (1:1), the 
TiO 2 @MoO 3  core@shell nanowire delivered high gravimetric 
capacity (670 mA h g −1 ), excellent cyclability (>200 cycles) and 
good rate capability (up to 2000 mA g −1 ). The strategy of engi-
neering a synergistic core@shell-nanowire-array electrode on 
a fl exible carbon substrate can be readily extended to other 
heterostructure designs, especially for electrode materials that 
are superior in capacity but inferior in cycling stability and 
rate performance. Nevertheless, the fabrication of fl exible EES 
electrodes principally requires a fl exible current collector, such 
as carbon cloth or fi ber, bringing more challenges to the elec-
trolyte and encapsulating materials. [ 144 ]  Moreover, they deliver 
relatively low energy and power densities because of the limited 
mass loading, depending on their confi guration nature. Experi-
mental investigations are also required to confi rm how robust 
the heterostructures will be when they are subject to repeated 
mechanical stretching or bending.  

 The nanoscale engineering of heterostructures offers such 
a wide variety of sceneries and opportunities. Taking the con-
fi ned electrochemical reaction into consideration, we recently 
designed and prepared a robust yolk–shell nanospindles with 
suffi cient internal void space for high-rate and long-term LIBs 
through a one-step in situ nanospace confi ned pyrolysis strategy 
( Figure    14  a). [ 148 ]  The particular hollow carbon nanospindles, 
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 Figure 11.    a–c) Typical SEM image (a) and high-magnifi cation SEM and TEM images (b,c) of single six-fold-symmetry branched α-Fe 2 O 3 @SnO 2  
heterostructures. d) TEM image of single branched nanowire and the corresponding elemental maps. Adapted with permission. [ 136 ]  Copyright 2012, 
John Wiley & Sons, Inc.
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 Figure 13.    a) Schematic illustration of the structural features of the synergistic TiO 2 @MoO 3  nanowire array. b) SEM images of the optimized 
TiO 2 @MoO 3  hybrid array anode (inset in (b) is the optical image). c,d) High-resolution TEM images of MoO 3  nanoparticulate shell (c) and TiO 2  
nanowire core (d) (inset: low-magnifi cation picture of the optimized TiO 2 @MoO 3  core@shell structure and FFT pattern of MoO 3 ). Adapted with 
permission. [ 147 ]  Copyright 2015, American Chemical Society.

 Figure 12.    a) SEM image of α-MoO 3 @MnO 2  core@shell heterostructure. b) TEM image of one single α-MoO 3 @MnO 2  core@shell nanorod. c,d) HRTEM 
images at different selected regions. e) The SAED pattern taken for the nanorod. Adapted with permission. [ 137 ]  Copyright 2014, Elsevier.
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within which the Fe 3 O 4 @Fe 3 C core@shell nanoparticle was 
well confi ned, (Figure  14 b,c) offers desirable merits as electrode 
materials: the internal void space not only provides enough 
space for the expansion of the metal oxide inside, but also 
offers the double shell of the Fe 3 C and carbon to hinder Fe 3 O 4  
dissolution (Figure  14 d). No obvious change of the heterostruc-
ture was found after 660 cycles. As-obtained Fe 3 O 4 @Fe 3 C-C 
yolk–shell nanospindles delivered a high reversible capacity, 
high rate capacity, and long-term cycling life (Figure  14 e,f). 
They were superior to those of Fe 3 O 4 @C core@shell nanospin-
dles and Fe 3 O 4  nanoparticles and represented the most effi cient 
Fe 3 O 4 -based anode material ever reported for LIBs. Compared 
with the previously discussed MnO@C NWs and silicon con-
fi ned in CNTs, an Fe 3 C layer was additionally introduced. The 
double shells strongly prevent the loss of active materials and 
maintain the excellent structural integrity. Meanwhile, the syn-
ergistic effect of the inorganic core@shell and porous carbon is 
responsible for the excellent electrochemical performance.  

 In addition to various core@shell anode materials, the 
nanoscale engineering of perforated structures to support 
active materials with high capacity is also highly promising. 
SnO 2 –CNT composite microspheres [ 149 ]  with a homogeneous 
distribution of interconnected pores were recently prepared 

by spray pyrolysis of a colloidal solution containing CNTs, tin 
oxal ate, and polystyrene nanobeads. The obtained SnO 2 –CNT 
composite microspheres provided a unique perforated struc-
ture ( Figure    15  ), ensuring excellent lithium-storage prop-
erties as anode materials compared with either bare SnO 2  
microspheres or SnO 2 –CNT composite microspheres with 
fi lled spaces. The synergetic combination of interconnected 
pores and fl exible CNTs effectively improves the electrochem-
ical properties of SnO 2 . The overall size on the micrometer 
scale, suffi cient diffusion channels, and the intentionally cre-
ated void space display combined advantages, such as high 
capacity, conductivity, and stability. The synthetic strategy 
can be easily extended for the preparation of other perfo-
rated metal-oxide–CNT composites by simply changing the 
precursor metal salts.  

 By applying multiple strategies, the tactful heterostruc-
tures and signifi cantly enhanced LIB performances can be 
achieved. These complex heterostructures ensure the excel-
lent electrochemical properties of the as-obtained anode mate-
rials by providing the combined merits of the above-men-
tioned strategies. Nonetheless, the procedures for preparing 
these heterostructures are also complicated, in which mul-
tiple steps are generally involved. The cost and complicated 

 Figure 14.    a) Schematic illustration on the synthesis of the Fe 3 O 4 @Fe 3 C-C yolk–shell nanospindles. b–d) TEM image (b), STEM image (c), and pro-
posed lithium storage by intercalation into the carbon pores and insertion into the lattice of active material, followed by additional charge separation 
at two-phase boundaries to form space charge layers (d). e) The capacity retention of Fe 3 O 4 @Fe 3 C-C yolk–shell nanospindles, Fe 3 O 4 @C core@shell 
nanospindles, and pure Fe 3 O 4  NPs from 500 to 2000 mA g −1 . f) Subsequent cycling tests at 500 mA g −1  from 261st to 560th cycle. Adapted and repro-
duced with permission. [ 148 ]  Copyright 2015, American Chemical Society.
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synthetic process would pose a stumbling block to their prac-
tical applications.   

  5.     Conclusions and Outlook 

 An update on the most recent advances in designing new het-
erostructured anode materials for boosting LIBs is presented. 
The typically selected cases are displayed in  Table    1  , including 
their synthetic method and electrochemical performances. 
Special emphasis is placed on the design and engineering of 
novel heterostructured anode materials with reduced size, 
large surface area, excellent electrical conductivity, structural 
stability, and fast electron and ion transport, which necessarily 

lead to remarkably enhanced LIB performances in terms of 
high capacity, long cycling lifespan, and durability at high rate. 
These heterostructures mainly take advantages of: i) supporting 
carbon materials with intrinsic high electronic conductivity, 
high surface area, and tunable porous structure; ii) con-
ducting polymers featured with feasibility, light weight, large 
capacitance, good electric conductivity, ease of synthesis, and 
low cost; iii) special core@shell transition-metal compounds 
with a synergistic effect from both components and offering 
better electrochemical properties over their single counterpart; 
iv) combined strategies with comprehensive favorable charac-
teristics. Nevertheless, these strategies may at the same time 
suffer from certain drawbacks, which are also summarized in 
Table  1 , bringing sophisticated challenges to researchers. The 

 Figure 15.    a) Schematic diagram of the formation of perforated SnO 2 –CNT microspheres by one-step spray pyrolysis. b–g) The corresponding mor-
phological and structural characterizations by SEM and TEM. Adapted with permission. [ 149 ]  Copyright 2015, American Chemical Society.
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  Table 1.    Summary of the synthetic methods, electrochemical performances of typical heterostructured anode materials.  

Category of heterostructures Typical electrode 
materials

Synthetic 
method

Electrochemical 
performance

Advantages Disadvantages

Carbon-supported 

anode materials 

(Section  4.1 )

Porous carbon 

(Section  4.1.1 )

MoS 2 /mesoporous 

carbon with layered 

structure [ 77 ] 

Heat treatment 

of dopamine 

polymerized MoS 2  

nanosheets

1023 mA h g −1  at 

400 mA g −1  (500th)

943 mA h g −1  at 6400 mA g −1  

Low-temperature stability

1. High electrical 

conductivity

2. Large-surface area

3. Tunable carbon 

structure

4. High capacity

5. Low cost

1. Low Coulombic 

effi ciency

2. Multi-step 

synthetic route

  MnO@C with 

peapod-like 

structure [ 81 ] 

Heat treatment of 

MnO nanowire@

polydopamine

1199 mA h g −1  at 

500 mA g −1  (100th) 

463 mA h g −1  at 5000 mA g −1 

 

 Carbon nanotubes 

(Section  4.1.2 )

NiO@CNTs [ 93 ] Templated solution 

synthesis
1034 mA h g −1  at 

800 mA g −1  (300th)

 

  Silicon-nanoparticles-

fi lled CNTs [ 94 ] 

Chemical vapor 

deposition
1475 mA h g −1  at 

100 mA g −1  (20th)

  

    614 mA h g −1  at 2000 mA g −1   

  Co 3 O 4 @CNTs [ 95 ] Nanocasting 700 mA h g −1  at 

100 mA g −1  (60th) 

408 mA h g −1  at 5000 mA g −1 

  

  Fe 2 O 3  nanoparticles 

confi ned in CNTs [ 99 ] 

Anodic aluminum 

oxide template 

assisted method

963 mA h g −1  at 

50 mA g −1  (16th)

  

 Graphene 

(Section  4.1.3 )

Silicon nanoparticles 

within a graphene 

shell [ 107 ] 

Chemical vapor 

deposition
1353 mA h g −1  at 

150 mA g −1  (50th)

412 mA h g −1  at 8000 mA g −1 

  

 Carbon coating 

(Section  4.1.4 )

Carbon-coated Fe 3 O 4  

microspheres [ 113 ] 

Hydrothermal 1100 mA h g −1  at 

200 mA g −1  (50th)

  

    850 mA h g −1  at 1000 mA g −1   

  Porous Fe 2 O 3  

rods coated with 

carbon [ 114 ] 

Hydrothermal 639 mA h g −1  

at 500 mA g −1  (300th)

429 mA h g −1  at 5000 mA g −1 

  

  Carbon-coated 

MoO 2  [ 115 ] 

Solvothermal method 

with calcination 

treatment

1113 mA h g −1  at 

80 mA g −1  (60th)

  

Conducting-polymer-coated electrode 

materials (Section  4.2 )

V 2 O 5 @PEDOT [ 125 ]  

(cathode)

Hydrothermal and 

electro-deposition
265 mA h g −1  at 

5C (500th)

115 mA h g −1  at 80C 

(1C = 300 mA g −1 )

1. Stretchability and 

spontaneous 

self-healing capability

2. Good conductivity

3. Soft “armor” to pro-

tect inside core from 

pulverization

4. “All-in-one” 

architecture

1. Dissolution

2. Compromised 

cycling stability

3. Low tolerance 

at high current 

density

   

 Fe 2 O 3 @PPy [ 126 ] Chemical 

polymerization
0.42 mA h cm −2  at 

0.1 mA cm −2  (100th)

0.32 mAh cm −2  at 

1.0 mA cm −2 

 MoS 2 @PANI [ 132 ] Polymerization and 

hydrothermal
915 mA h g −1  at 

1000 mA g −1  (200th) 

369 mA h g −1  at 4000 mA g −1 

  

Transition-metal compounds with core@

shell structure (Section  4.3 )
α-Fe 2 O 3 @SnO 2  [ 136 ] Hydrothermal 1167 mA h g −1  at 

100 mA g −1  (1st)

1. More active 

surface sites

2. Synergetic effect

3. Interfacial lithium 

storage

1. Low Coulombic 

effi ciency

2. Unstable SEI 

formation

3. Low cycling 

stability

 ZnCo 2 O 4 @NiO [ 139 ] Solution 

synthesis
1116 mA h g −1  at 

100 mA g −1  (1st)

 α-MoO 3 @MnO 2  [ 141 ] Solution 

synthesis
1114 mA h g −1  at 

0.2C (50th)

   663 mA h g −1  at 2C 

(1C = 1080 mA g −1 )
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combined strategies will be favorable to build heterostruc-
tured electrode materials because they offer great versatility 
and diversity. With concerns around the cost and complexity of 
the production process, further advanced heterostructures are 
expected to emerge constantly in the near future. Therefore, the 
concept of materials engineering and design at the nanoscale 
is exceptionally important and plays an increasingly positive 
role in the development of electrode materials with high energy 
and power densities and good stability, as well as other features 
such as light weight, fl exibility, etc. As demonstrated here, 
nanoscale engineering brings new visions into the fabrica-
tion of novel electrode materials, which can guarantee electro-
chemical performance, such as high energy and power density, 
and long lifespan. Well-controlled heterostructured electrode 
materials bring opportunities for the introduction and devel-
opment of a full electric vehicle as the main form of ground 
transport. Moreover, other promising characteristics, such as 
fl exibility, freestanding “all-in-one” architecture, and confi ned 
electrochemical reaction space, give these electrode materials 
the chance to paint a portrait on a much larger canvas.  

 Despite the great efforts, further considerations over het-
erostructured anode materials should be taken before stepping 
into practical applications:

   i)    Every goal, every endeavor, and every important achievement 
has to be built on basic science. The engineering and design 
of heterostructured electrode materials may involve crossing 
and multiple disciplinary skills, and experience in materi-
als science, chemical engineering, physics, computational 
chemistry, electrochemistry, solid-state chemistry, etc. Only 
in this way, can the general principles be developed and ap-
plied for the future fabrication of complicated heterostruc-
tures. 

  ii)      These LIB applications are only practical on the basis of 
low-cost, large-scale production, bringing more challenges 
to the synthetic strategies developed initially for lab-scale 
investigations. 

  iii)    Insightful understanding of the mechanism on how the het-
erostructures improve the overall device performances. Pow-
erful and advanced techniques such as micro-/nanoelectrodes 
and scanning electrochemical cell microscopy can expand our 
scope to the microscale, which may provide strong and direct 

evidence through in situ monitoring of the electrochemical 
process at the target position with considerable spatial resolu-
tion, and thus benefi t the rational design of heterostructured 
anode materials with optimized device properties. 

  iv)    General safety issues will be also brought to the surface with 
the utilization of new materials: how to optimize the hetero-
structures to minimize the effect of volume change and sub-
sequent battery failure; how to deal with the environmental 
threat and recycling of new materials; how they work at harsh 
conditions with unyielding performance and safety.   

 The research on novel anode materials is very interesting 
and important. With rapid development in materials design and 
engineering at the nanoscale, we believe that heterostructured 
anode materials will lead to a bright future for boosting LIBs.  
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Category of heterostructures Typical electrode 
materials

Synthetic 
method

Electrochemical 
performance

Advantages Disadvantages

Combined strate-

gies (Section  4.4 )
4.3+4.1.3 Fe 2 O 3 @SnO 2  

nanoparticles deco-

rated on graphene [ 143 ] 

Thermal 

reduction
1015 mA h g −1  at 

100 mA g −1  (200th) 

535 mA h g −1  at 2000 mA g −1 

1. Excellent structure 

integrity

2. High conductivity

3. High capacity

4. Long lifespan

1. Complicated 

synthetic process

2. High cost

 4.3+4.1.1 Fe 3 O 4 @Fe 3 C 

nanoparticle confi ned 

in hollow carbon 
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Table 1. Continued
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